Etiolated growth in darkness or the irreversible transition to photomorphogenesis in the light engages alternative developmental programs operating across all organs of a plant seedling. Darkgrown Arabidopsis de-etiolated by zinc (dez) mutants exhibit morphological, cellular, metabolic, and transcriptional characteristics of light-grown seedlings. We identify the causal mutation in TRICHOME BIREFRINGENCE encoding a putative acyl transferase. Pectin acetylation is decreased in dez, as previously found in the reduced wall acetylation2-3 mutant, shown here to phenocopy dez. Moreover, pectin of dez is excessively methylesterified. The addition of very short fragments of homogalacturonan, tri-galacturonate, and tetra-galacturonate, restores skotomorphogenesis in dark-grown dez and similar mutants, suggesting that the mutants are unable to generate these de-methylesterified pectin fragments. In combination with genetic data, we propose a model of spatiotemporally separated photoreceptive and signal-responsive cell types, which contain overlapping subsets of the regulatory network of light-dependent seedling development and communicate via a pectin-derived dark signal.
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In Brief
Sinclair et al. report that several cell-walldefective mutants mimic light-grown seedlings when grown in darkness, thus bypassing photoreception and subsequent signaling. Etiolated seedling growth can be restored by adding small fragments of the pectin homogalacturonan, suggesting their function as a dark signal in cell-cell communication.
INTRODUCTION
The irreversible transition from skotomorphogenic development in darkness to photomorphogenesis triggered by light is one of the most critical phases in the life cycle of a plant. Skotomorphogenesis in dark-grown (''etiolated'') seedlings is characterized by an elongated hypocotyl and the maintenance of an apical hook that protects unopened cotyledons shielding the shoot apical meristem, while pro-plastid differentiation and root elongation are attenuated [1, 2] . This allows a newly germinated seedling to push through the soil, depending entirely on energy reserves stored in the seed. When the seedling perceives light, for example, in close proximity to the soil surface, photomorphogenic development ensues to realize a plant's inherent potential for photoautotrophic growth. This entails the arrest of hypocotyl elongation, the opening and growth of petioles and cotyledons, the differentiation of pro-plastids into chloroplasts, and root elongation.
Genes affecting light-dependent development were among the earliest identified in the model plant Arabidopsis thaliana [2] . Consequently, the associated cellular regulatory networks are mostly well understood [3] . In the dark, photomorphogenesis is suppressed through transcriptional repressors and multi-protein complexes mediating the proteolysis of transcriptional activators of light responses. Light-mediated activation of phytochrome red-light (PHY) and cryptochrome blue-light (CRY) photoreceptor proteins relieves the suppression of photomorphogenesis through initially parallel, but subsequently interacting, regulatory pathways.
Proteins required for the suppression of photomorphogenesis in the dark include CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) and four partly redundant SUPPRESSOR OF PHYA (SPA) proteins interacting in ubiquitin E3 ligase complexes. COP10 and DE-ETIOLATED1 (DET1) act in a second multi-protein complex to activate ubiquitin-conjugating enzymes. Suppression of photomorphogenesis in the dark requires components of the COP9 signalosome, a multi-protein complex that interacts with both of these multi-protein complexes. Thus, the basic leucine zipper (bZIP) transcription factor ELONGATED HYPOCOTYL5 (HY5) is targeted for protein degradation among several additional photomorphogenesis-promoting transcriptional activators, whereas a group of basic-helix-loop-helix (bHLH) transcription factors named PHYTOCHROME INTERACTING FACTORS (PIFs) are stabilized in the dark to repress photomorphogenesis [4] . Furthermore, PIFs integrate responses to phytochrome activation with phytohormone signaling, for example, via gibberellins and brassinosteroids [5] .
Localized illumination of seedlings, excision of seedling organs and cell-type-specific expression of transgenes in wildtype and mutant backgrounds provided complementary lines of evidence for non-cell-autonomous responses to light during photomorphogenesis [1, 6, 7] . The molecular basis of the implied cell-cell communication, however, has not been identified. Transcript profiling revealed that photomorphogenesis is set apart from skotomorphogenic development through major cell-wall remodeling, among other processes [8] . For cells to expand during localized growth of either hypocotyls or cotyledons, cell walls must be loosened and new material deposited at an appropriate pace in order to exploit turgor pressure for directed expansion without allowing cells to burst [9] . Primary walls of Arabidopsis hypocotyl cells are composed of three major types of polysaccharides-cellulose, hemicellulose, and up to 35% pectin [10] . Of these, homogalacturonan constitutes the predominant proportion of about 65% of cell-wall pectin. Homogalacturonan consists of an unbranched chain of a-1,4-linked D-galacturonic acid (GalA) subunits that can carry chemical modifications of O-acetyl ester groups on C 2 and C 3 atoms (pectin acetylation) and methyl carboxyester groups on C 6 atoms of GalA subunits (pectin methylesterification). During the elongation of darkgrown hypocotyls, loosening is triggered in elongating cells by selective pectin de-methylesterification of longitudinal cell walls [11, 12] . Growth-associated cell-wall loosening involves a number of enzymatically mediated hydrolytic processes, which have the potential to release soluble oligosaccharide fragments from cell-wall polymers. Linear short oligogalacturonides (OGs) of 10-15 GalA subunits are cell-wall-integrity signals known also as elicitors of plant defenses against biotic stress [13, 14] .
Here, we report photomorphogenesis in the dark that is enhanced under elevated zinc supply in the de-etiolated by Zn (dez) mutant. We identify the causal mutation at the TRICHOME BI-REFRINGENCE (TBR; At5g06700) locus [15] , which encodes a member of the TBR-like (TBL) protein family implicated in O-acetylation of cell-wall macromolecules [16] . In darkness, tbr is epistatic or additive to most known mutants in the network controlling photomorphogenesis. Alterations in the transcriptome of dez are predominantly shared by characterized photomorphogenic mutants and are enriched in oxylipin/jasmonate signaling and photosynthesis transcripts. A GFP fusion of the TBR protein localizes to tri-cellular junctions of longitudinal cell walls. Cell-wall composition and cation binding of dez, combined with a similar photomorphogenic phenotype in a reduced wall acetylation2 (rwa2) mutant, suggest that a primary reduction in pectin acetylation leads to increased pectin methylesterification and its sensitization to external Zn supply. Supplementation with very short OG fragments (vsOGs) restores skotomorphogenic development in dez, as well as in rwa2 and two additional dez-phenocopying mutants, the cell-wall mutant murus1 (mur1), and hormone biosynthesis mutant jasmonate-resistant1 (jar1). This suggests that these mutants share with dez the lack of a cell-wall signal suppressing photomorphogenesis in the dark. We propose a model encompassing light-receptive cells spatiotemporally separated from photomorphogenesis-executing cells that respond to the elimination of a vsOG dark signal.
RESULTS
The dez Mutant Shows Photomorphogenesis in the Dark and Is Allelic to tbr-1 In a genetic screen for Zn-hypersensitive mutants, we identified an EMS mutant that showed characteristics of photomorphogenic development in the dark, including shortened hypocotyls, opened and enlarged cotyledons, and longer roots compared to the wild-type (Figure 1 ). We named this mutant de-etiolated by zinc (dez), because photomorphogenesis was enhanced on media supplemented with excess zinc (Zn), different from the previously described constitutive photomorphogenesis (cop) or de-etiolated (det) mutants [2] . Hypocotyls of dez seedlings cultivated on high-Zn media for 7 days in the dark were shortened, similar to those of the previously described cop1-4 mutant [17] and slightly longer than hypocotyls of det3 [18] ( Figures 1A and  1B) . Cotyledons of dez were opened less than those of cop1-4 but far more widely than in det3. Similarly, roots of dark-grown dez were shorter than those of cop1-4 but longer than roots of det3. Dark-grown dez seedlings contained higher amounts of chlorophyll than wild-type or cop1-4 seedlings grown on the same high-Zn medium ( Figure 1C ; see STAR Methods). As another marker metabolite of light-triggered chloroplast differentiation [19] , carotene contents of dez, but not of cop1-4, were higher than those of the wild-type. Plastids of dark-grown seedlings were larger in dez mutants and lacked the pro-lamellar body, a structure of paracrystalline tubule assemblies characteristic of etioplasts found in dark-grown wild-type seedlings (Figure 1D ). This result is similar to previously reported observations in cop1 and det1 mutants, whereas plastid ultrastructure of darkgrown cop2, cop3, cop4, det2, and det3 mutants resembled the wild-type [17, 18, [20] [21] [22] [23] .
Genetic mapping of dez, combined with the sequencing of candidate genes, identified a mutation in the TBR gene (see STAR Methods) [15, 24] . The dez mutant carries an intronic splice donor site G/A mutation that leads to the retention of the fourth intron in the mRNA (Figures S1A and S1B), thus resulting in an S/R amino acid exchange at position 491 of TBR, followed by several aberrant amino acids and a translational stop codon after position 496.
An allelic tbr-1 mutant was previously reported to have altered cell-wall properties [15, 24] . A G/A mutation results in a G/E exchange at position 427 out of a total of 608 amino acids of the TBR protein of tbr-1, whereas the complete loss of TBR function was inferred to be lethal [24] (see Figure S1A ). Both the dez and the tbr-1 mutations are located within a conserved PC-esterase domain (PF13839 and IPR026057) that shares most, but not all, conserved residues with the GDSL/SGNH esterase protein superfamily [25] . When germinated under our growth conditions in the dark, tbr-1 exhibited Zn-enhanced photomorphogenesis indistinguishable from that of dez ( Figure S1C) . A homozygous transgene encompassing the genomic region of the wild-type TBR gene translationally fused to GFP was able to phenotypically complement the dez mutant in both light and dark conditions ( Figure S1D ). Taken together, this demonstrates that Zn-enhanced photomorphogenesis is caused by genetic lesions in the TBR gene.
Hypocotyl length of dark-grown dez seedlings decreased gradually with increasing Zn 2+ concentrations in the medium, suggesting a quantitative physiological effect of Zn ( Figure S1E ). The dez mutant was hypersensitive to Zn in the light, with clear inhibition of root elongation, but not of hypocotyl elongation, when compared to the wild-type ( Figures S1D and S1F and cell-wall-modifying PECTIN METHYLESTERASE 3 (PME3), respectively, and the zinc-induced facilitator1 (zif1) mutant defective in the transport of the metal chelator molecule nicotianamine from the cytoplasm into the vacuole [26, 27] .
Genetic Interactions with Known Loci Acting in Photomorphogenesis
By comparison to single cop1-4 and det1 mutants, dez cop1- 4 and dez det1 double mutants were morphologically identical to cop1-4 and det1 in control conditions but showed additive phenotypes with respect to hypocotyl length under high-Zn conditions ( Figures 2A, 2B , S2A, and S2B; for additional genotypes, see Table S3 ). In addition, we observed an increased production of anthocyanin in dark-grown dez cop1-4 in high Zn ( Figure S2A , bottom panel), reminiscent of the severe, seedling-lethal cop1-5 mutant allele [28] . Several bHLH family PIF transcription factors act in the dark to repress photomorphogenesis [4] . As previously established, a dark-grown pif1 pif3 pif4 pif5 (pifq) quadruple mutant exhibited a shortened hypocotyl and opened cotyledons under our growth conditions. Dark-grown quintuple dez pifq mutants were morphologically similar to pifq in control conditions but exhibited additive photomorphogenic phenotypes in high-Zn conditions ( Figures 2C and S2C ). The HY5 bZIP transcription factor protein acts directly to effect photomorphogenesis in the light, and it is subject to negative regulation through COP1 in the dark [29, 30] . In contrast to hy5-215, the hypocotyl length and petiole angle of the dark-grown dez hy5-215 double mutant resembled those of the dez single mutant in both control and high-Zn media ( Figures 2D and S2D See also Figure S1 and Tables S1 and S2. See also Figure S2 and Tables S2 and S3. blue light photoreceptors acting in photomorphogenesis (Figures 2F and S2F). Our results suggested that DEZ is epistatic to the phytochrome and cryptochrome photoreceptors under control and high-Zn conditions (see Table S3 for additional light conditions). Several phytohormones have been implicated in the transition from skotomorphogenesis to photomorphogenesis [5] . Growth on media supplemented with various hormone agonists and antagonists did not reveal any noteworthy hormonal effects on the dez phenotype (Table S2 ). The brassinosteroid signaling pathway is of particular interest in this context, because it was implicated in both cell-wall signaling [33] and photomorphogenesis. Therefore, dez bri1-5 and dez bzr1-1D mutants were generated to inactivate and constitutively activate brassinosteroid signaling, respectively, in the dez background. Both double mutants phenotypically resembled dez in high Zn in the dark, suggesting independence of the effects of dez mutation from brassinosteroid signaling (Figures 2G, 2H, and S2G-S2J; see also Table S3 ). Roles for sucrose were discussed in root elongation during photomorphogenesis [34] and in the suppression of phyA-mediated responses to far-red light [35] . Zn-enhanced photomorphogenesis of dez seedlings remained on media lacking sucrose (Table S2 ). HY5 protein was undetectable and PIF3 protein was detectable in both dez and wild-type seedlings grown in the dark in control and high-Zn media ( Figures 2I  and 2J ).
Altered Abundance of Cell-Wall-, Light-Signaling-and Wounding-Related Transcripts in dez To gain information on the molecular alterations contributing to the dez phenotype, we conducted transcriptome profiling of 7-day-old wild-type and dez seedlings cultivated in the dark on control and high-Zn media. The majority of transcripts deregulated in dez and previously reported as light regulated showed congruent alterations in both the det1 and pifq photomorphogenic mutants ( Figures 3A and 3B ) [8, 36] , for example PMEpcrD (At2g43050) encoding a pectin methylesterase (PME) with a PME inhibitor domain, INDOLE-3-ACETIC ACID6 (IAA6)/ SHORT HYPOCOTYL1 (SHY1), and ARABINOGALACTAN PROTEIN4 (AGP4, JAGGER), or in only one of these mutants, for example PHYTOCHROME RAPIDLY REGULATED1 (PAR1) and DARK-INDUCIBLE10 (DIN10) (see Data S1 for more information). Transcript levels of these genes were generally lower in dez than in the wild-type, and this was more pronounced under high-Zn conditions, as confirmed by qRT-PCR ( Figures  S3A-S3E ).
Parametric analysis of gene set enrichment (PAGE) suggested a prominent de-regulation of cell-wall biosynthesis, modification, and signaling, as well as of jasmonate (JA)/oxylipin biosynthesis and responses, in dez seedlings ( Figures 3C and 3D ). The corresponding genes included, for example, PMEpcrD, AGP4, the xyloglucan endotransglucosylase/hydrolase-encoding TOUCH4 (TCH4), BETA-XYLOSIDASE1 (BXL1), WALL-ASSOCIATED KINASE1 (WAK1), related to the cell wall; and RESPIRATORY BURST OXIDASE HOMOLOG D (RBOHD), LIPOXYGENASE2 (LOX2) and OXOPHYTODIENOATE-REDUCTASE3 (OPR3), related to JA signaling and biosynthesis (Figures S3A, S3C, and S3F-S3K; Data S1). In addition, plastid stroma-related functions were over-represented among differentially abundant transcripts in the dez mutant by comparison to the wild-type under high-Zn conditions. Among these genes were GLUTAMYL-TRNA REDUCTASE (HEMA1), PHOTOSYSTEM I LIGHT HARVESTING COMPLEX GENE1 (LHCA1), CARBONIC ANHYDRASE1 (CA1), or the proposed target of positive regulation by HY5, CHLOROPHYLL A/B BINDING PROTEIN1 (CAB1) (Figures S3L-S3O ; Data S1). Transcript levels of most of these genes were de-regulated in the dez mutant either fully (HEMA1) or partially (LHCA1, CAB1) and congruent with both light-dependent regulation and alterations in hy5, pifq, and det1 [8, 22] . In summary, gene expression in the dez mutant is consistent with morphological data (see Figure 1) , and it implicates cell-wall remodeling, JA/oxylipin signaling, and alterations in plastid processes in the dez phenotype.
Decreased O-Acetylation and Increased Zn-Sensitized Methylesterification of Pectins in dez TBR was hypothesized to act in the chemical modification of cell-wall pectin by O-acetylation of the hydroxyl groups of C 2 and C 3 of galacturonic acid subunits [16, 24, 25] . The O-acetylation of cell-wall macromolecules occurs in the lumen of the Golgi [25] . Indeed, a large-scale proteomic study identified TBR among Golgi luminal proteins at low abundance in two out of four independent experiments [37], whereas another similar study did not identify TBR among many other Golgilocalized cell-wall-modifying proteins [38] . In dez transgenic lines homozygous for a complementing translational GFP fusion construct of TBR under the control of its own promoter (see Figure S1D ), we detected GFP fluorescence exclusively in the apoplast of both roots of light-grown and hypocotyls of dark-grown seedlings (Figures 4A, 4B, and S4A). There was no apparent Zn-dependent (data not shown) or light-dependent change in localization or intensity of GFP fluorescence. GFP fluorescence was restricted to longitudinal cell walls at tricellular junctions and small regions of peripheral cell walls of the hypocotyl epidermis. Despite this result, we cannot exclude the localization of a minor fraction of TBR-GFP fusion protein to the Golgi.
Micro-Fourier-transformed infra-red (mFTIR) spectra of transverse sections of dark-grown freeze-dried hypocotyls suggested pronounced overall differences between dez grown in high-Zn medium and all other samples ( Figure 4C ). Spectra were most consistent with predominant alterations in pectin (peaks 1 to 6) and pectin modifications, namely, pectin methylesterification (peaks 8, 10, and 12) and pectin acetylation (peaks 3 and 4), among possible changes in various other cell-wall components, given the complexity of the samples and obtained spectra ( Figure 4D ; Table S4 ).
The biochemical analysis of pectin modification in dark-grown seedlings confirmed reduced levels of pectin acetylation in dez to between 51% and 69% of the wild-type ( Figure 4E ). This is consistent with a role for TBR in either the catalytic transfer of acetyl groups onto pectin in the lumen of the Golgi or the protection of O-acetylated pectin from de-acetylation by pectin acetyl esterases in the cell wall [25, 39] , the latter concurring with the extracellular localization of the TBR-GFP protein (see Figures  4A and 4B ). Plant pectins are synthesized in methylesterified form in the Golgi lumen and secreted into the apoplast, where PMEs can release methanol to generate free C 6 carboxyl groups on the galacturonic acid residues of pectin macromolecules. Overall, cell walls of dark-grown dez seedlings exhibited a 1.75-fold increase in pectin methylesterification compared to the wild-type, and this was enhanced by an additional 20% in seedlings grown under high-Zn conditions ( Figure 4F ; compare with Figure S4B ). Enhanced pectin methylesterification in highZn-grown dez was accompanied by increased-rather than decreased-net endogenous PME activity ( Figure 4G ), suggesting a spatial separation between PME activity and its substrates.
While the imaging of O-acetylated pectins is not possible, specific antibodies are available for assessing the degree of methylesterification of homogalacturonan, the predominant form of pectin in Arabidopsis hypocotyls [40] . In agreement with our biochemical data, immunogold staining of sections through the midpoint of the hypocotyl of dark-and high-Zn-grown seedlings indicated an increased relative abundance of methylesterified pectin at tri-cellular junctions and surrounding epidermal cells of dez in comparison to the wild-type (Figures 4H-4J) . Thus, we propose that these cell-wall domains, which corresponded to the sites of TBR-GFP protein localization in the wild-type, were less accessible to endogenous PMEs in the dez mutant than in the wild-type in both control and high-Zn media ( Figures  S4C and S4D ). For example, an about 5-fold increase in cell-wall thickness may have overcompensated the increase in PME activity through a dilution-like effect, to result in a more strongly enhanced degree of pectin methylesterification in high-Zngrown dez seedlings, compared to the wild-type ( Figures 4G-4K, S4C, and S4D) . Fold changes of all entities were determined in 7-day-old dez versus wild-type seedlings at 100 mM Zn and in dez seedlings at 100 mM versus 1 mM Zn. See also Figure S3 and Data S1. A predicted consequence of altered pectin modification of dez is a change in cell-wall cation-binding properties, because de-methylesterification of homogalacturonan forms free carboxyl groups, which can act as high-affinity binding sites of divalent cations, particularly Ca 2+ [41] . Indeed, comparative element analysis of untreated and desorbed seedlings, in which easily accessible cell-wall cations had been removed in a solution containing metal chelator, indicated that dez seedlings grown in high Zn have a lower capacity to retain divalent Zn 2+ cations in the cell wall than the wild-type ( Figure S4E ).
Moreover, high-Zn-grown dez seedlings accumulated less Ca in both the total fraction and the extracellular fraction that was removed by desorbing. Micro-X-ray fluorescence spectroscopy (mXRF) of transverse hypocotyl cryo-sections suggested a similar spatial distribution of Zn 2+ and Ca 2+ in both wild-type and dez seedlings ( Figures S4F and S4G ). According to micro-X-ray absorbance near-edge spectroscopy (mXANES) analysis, the predominant proportion of Zn 2+ was bound to pectin in the wild-type. In contrast, Zn binding was less uniform in dez, with best fits for bulk cell-wall material rather than a purified pectin fraction, in combination with thiol binding and sometimes other model compounds ( Figures S4H and S4I ). Taken together, our results suggest that the ease of dissociation of cell-wall-bound Zn 2+ in dez can be explained by substantially reduced amounts of carboxylate groups of demethylesterified pectin in the cell wall.
Phenotypic Rescue of Photomorphogenesis in DarkGrown dez and Other Mutants by the Addition of Very Short Oligogalacturonides
To gain additional insights into how photomorphogenic development arises in dez, we examined other mutants in cell wall and JA biosynthesis, based on the transcriptome of the dez mutant (see also Table S3 ). The prc1-1 mutant, a loss-of-function allele of the gene encoding cellulose synthase isoform CESA6, developed a shortened hypocotyl, as reported earlier [42] , but cotyledons did not open ( Figure 5A, upper panel) . This suggested that prc1-1 is merely defective in cell elongation in the dark and not constitutively photomorphogenic. By contrast, the cell-wall mutants rwa2-3 and mur1-2 were phenotypically more dez-like. RWA2 contributes to the transport of acetyl-coenzyme A (CoA) into the Golgi where cell-wall polysaccharides are O-acetylated, and the degree of O-acetylation of both pectins and xyloglucans is reduced by 20% in the rwa2-3 mutant [25, 43, 44] . The O-acetylation step itself is thought to be carried out by RWA proteins themselves or by a TBL family protein. The rwa2-3 mutant exhibited photomorphogenesis in the dark when cultivated on high-Zn media, yet less severely than dez ( Figure 5A, upper  panel) . MUR1 encodes a GDP-D-mannose-4,6-dehydratase that is required for the first step of fucose biosynthesis. In the cell wall of mur1-2 mutants, both hemicellulose and pectin fractions are deficient in fucose, resulting in less than 2% of the wildtype fucose content [45] . In contrast to the other mutants, mur1-2 showed characteristics of photomorphogenesis in the dark equally under control and high-Zn conditions ( Figure 5A , upper panel). In support of a causal role of pectin alterations in photomorphogenic development, the mur2 mutant defective in a xyloglucan fucosyltransferase [46] exhibited skotomorphogenesis in the dark indistinguishable from that of the wild-type (Table S3 ). Finally, out of a number of JA biosynthetic and signaling mutants examined (see Figure 3) , only jar1 mutants defective in the final JA-isoleucine conjugation step that forms the signaling-active form of JA phenocopied dez ( Figure 5A ; Table S3 ; see also Figure S6 ).
We hypothesized that the photomorphogenic phenotype of dez results from the disruption of an extra-cellular suppressive signal, which acts in wild-type seedlings to maintain skotomorphogenesis in the dark. Based on the cell-wall modifications observed in dez, such a signal could be a wall-derived OG signal. To test this, we asked whether supplementation of growth media with a crude enzymatic digest of polygalacturonic acid (PGA) restored skotomorphogenesis in the dark in dez and other mutants. Indeed, this was observed for dez, rwa2-3, jar1-1, and mur1-2, as quantified by both hypocotyl length and petiole angle ( Figures S5A and S5B) . Importantly, the Zn hypersensitivity of light-grown dez seedlings persisted in the presence of the PGA digest, indicating that the digest did not act by merely reducing the bioavailability of Zn in the growth medium ( Figures S5C and  S5D ), despite the ability of both PGA and OG (degree of polymerization [DP] R 10) to bind Zn [47] . Supplementation with the PGA (C) Principal-component linear discriminant analysis (PCLDA) of mFTIR spectra. Each data point represents a transverse hypocotyl section of one 7-day-old darkgrown seedling (triangles indicate dez; circles indicate WT; red symbols indicate 100 mM Zn; and black symbols indicate 1 mM Zn). Ovals delineate 95% confidence intervals using PC1 to PC5. (D) mFTIR spectra of dez mutant and wild-type hypocotyls. Shown are means (n $6); see (C). Numbered peaks contribute to PC2, the predominant component of PCLDA1 and, thus, of the differences between dez at high Zn and all other treatments and genotypes (see Table S4 for peak assignment). (E and F) Degree of pectin acetylation (E) and methylesterification (F) in 7-day-old dark-grown wild-type and dez seedlings cultivated in control (5 mM Zn) and high-Zn (100 mM Zn) media. (G) Pectin methylesterase (PME) activity quantified in vitro using total protein extracts from seedlings; see (E). (H and I) Electron micrographs of tri-cellular junctions in transverse sections of the hypocotyls of 7-day-old dark-grown wild-type (H) and dez mutant (I) seedlings cultivated in high-Zn media. Black dots correspond to immuno-gold labels obtained with LM19 (top) and LM20 (bottom) antibodies. Scale bars, 0.2 mm in (H) and 1 mm in (I). (J and K) Quantification of immunogold labels (J) and cell-wall thickness (K) observed (see H, I, and Figures S4C and S4D) . Bar graphs indicate arithmetic means ± SD (n = 4 subsamples from a pool of 140 to 160 seedlings in E-G, n = 8 images in J, and n = 18 images in K); different letters denote statistically significant differences (Student's t test with Bonferroni corrections; p < 0.05). See also Figure S4 and Tables S2, S3, and S4. digest did not have a significant effect on the photomorphogenic mutants cop1-4 and pifq, but it decreased the extent of cotyledon opening in det1 ( Figures S5A and S5B ). OGs were reported to inhibit growth [13, 48] , and this was also observed in both light-and dark-grown seedlings through an inhibition of root growth ( Figures S5A-S5D ). Given that skotomorphogenesis was restored in dez by a digest of PGA, which constitutes the simple, chemically unmodified backbone of homogalacturonan, we next tested the galacturonic monomer and oligomers of increasing lengths (Table S2) . Indeed, tri-and tetra-galacturonic acid ((GalA) 3 and (GalA) 4 ) were able to rescue the photomorphogenic phenotypes of dark-grown dez as well as rwa2-3, mur1-2, and jar1-1 ( Figures 5A, lower panel, and 5B ; Table S2 ). (GalA) 3 did not rescue cop1, pifq, or det1 mutants in the dark, and it B A Figure 5 . Photomorphogenesis in Darkness in dez, rwa2, mur1, and jar1 and Mutants and Its Rescue by Tri-galacturonate (A and B) Photographs (A) and quantification of morphological markers (B) of 7-day-old dark-grown wild-type (WT) and mutant seedlings cultivated on control (5 mM Zn) and high-Zn (100 mM Zn) media without and with 500 mM tri-galacturonic acid ((GalA) 3 ). Scale bar, 10 mm. Bar graphs indicate arithmetic means ± SD (n = 8 replicate seedlings); different letters denote statistically significant differences (Student's t test with Bonferroni corrections; p < 0.05). See also Figure S5 and Tables S2 and S3. also did not rescue Zn hypersensitivity of light-grown dez seedlings ( Figures  S5E-S5G ). This is consistent with a lack in dez, rwa2-3, mur1-2, and jar1-1 of a very short OG (vsOG) dark signal that is necessary and sufficient to maintain skotomorphogenesis in darkness.
Positioning of dez and dez-Like
Mutants in the Regulatory Network Governing Light-Dependent Development Photomorphogenesis in jar1-1 and the allelic jar1-11 mutant (see Table S3 ), as well as the dez transcriptome, implicated JA/oxylipin signaling (see Figure 3) . Indeed, the addition of methyl JA to our media led to a small extent of photomorphogenic development in dark-grown wild-type and dez seedlings (Table S2) . A dez jar1-1 double mutant established that both mutations were not additive, with dark grown dez jar1-1 seedlings resembling dez in high Zn ( Figures 6A and 6B) , consistent with JAR1 acting upstream of dez. To test whether the effect of jar1 arose through the accumulation of a biosynthetic intermediate of the JA pathway upstream of JAR1 [49] , we tested jar1-1 aos [50] and jar1-1 opr3 double mutants. AOS and OPR3 catalyze early steps in the biosynthetic pathway of JA, namely, the synthesis and processing, respectively, of the precursor molecule 12-oxo-phytodienoic acid (OPDA), for which independent signaling roles have been proposed [51, 52] . In confirmation of our hypothesis, dark-grown jar1-1 aos seedlings were skotomorphogenic in the dark just like the wild-type in both control and high-Zn conditions ( Figures 6A and 6B) . By contrast, the persistence of photomorphogenic development in jar1-1 opr3 suggested that allene oxide, one of its spontaneous hydrolysis products, or an OPDA isomer is required for triggering photomorphogenesis in dark-grown jar1-1. Interestingly, however, both dez aos and dez opr3 double mutants, as well as the dez coi1-16 double mutant impaired in the perception of JA-Ile, all resembled dez in high Zn in the dark (Figures S6A and S6B) . Taken together, our data indicate that TBR acts downstream of JAR1 in maintaining skotomorphogenesis.
Recent work has implicated a retrograde signal from plastids, which negatively interacts with PIFs, in the transcriptional control of PIF target genes. This was supported by the loss of cotyledon opening in the pifq mutant in the presence of lincomycin in the dark [53] . We confirmed the effect of lincomycin on pifq, and we additionally observed moderate partial effects on cop1-4 and det1 (Figures 6C and 6D) . Similar to pifq, lincomycin suppressed cotyledon opening in dez, rwa2-3, mur1-2, and jar1-1 in the dark. We detected only minor or no effects of lincomycin on hypocotyl length in rwa2-3, jar1-1, pifq, dez, and mur1-2, in agreement with published data on pifq [53] .
DISCUSSION An Extracellular Cell-Wall-Derived vsOG Dark Signal Controls Light-Dependent Development
Here, we show that mutants defective in the TBR/DEZ gene exhibit photomorphogenesis in the dark (Figures 1, 3 , S1, and S3). Our data suggest an extracellular localization of the TBR/DEZ protein at tri-cellular junctions (Figures 4, 7 , and S4), different from known regulators of light-dependent development [1] . TBR/DEZ expression is not light dependent at the transcript or protein level (http://bar.utoronto.ca/ efp_arabidopsis/cgi-bin/efpWeb.cgi; Figure 4 ). We hypothesize that in wild-type Arabidopsis seedlings grown in darkness, photomorphogenic development is suppressed by an extracellularly generated dark signal, which is lacking in dez as a result of complex cell-wall defects ( Figure 7 ). Accordingly, we were able to restore skotomorphogenic development in dark-grown dez seedlings through the supply of exogenous vsOG, very short, chemically unmodified fragments of the cell-wall pectin homogalacturonan, suggesting that (GalA) 3 and (GalA) 4 can act as a dark signal (Figures 5 and S5) . When generated during cell-wall loosening in the process of hypocotyl elongation in the dark, for example, by endo-polygalacturonases or pectate lyases [13] , vsOG could act in a feed-forward regulatory loop that suppresses photomorphogenesis. An extracellular dark signal provides a conceptual framework for the known irreversibility of photomorphogenesis, for example, through the controlled elimination of the vsOG signal upon the perception of light (e.g., similar to jar1-1 and jar1-11, in which we propose the vsOG signal to be aberrantly eliminated in the dark; Figures  5 and 6 ; Table S3 ).
Known cell-wall-associated and cell-wall-derived signals depend predominantly on the status of pectin, one of three major types of cell-wall structural macromolecules [10, 14] . Among these signals, there is some evidence for roles of pectin fragments in cell-cell signaling. OGs (DP 10-15) are known to act as elicitors of defense responses against pathogen infection and in cell-wall integrity signaling during plant growth [13, 14] . Fewer studies reported effects of short OGs (DP 2-6), for example, in suppressing pathogen defense responses in wheat [54] . Our data suggest that light perception is spatiotemporally separated from at least part of the photomorphogenic responses, different from previous models encompassing all of these events in a single cell. In continuous darkness, lightreceptive cells generate a cell-wall-derived dark signal that acts on signalresponsive cells to repress photomorphogenesis. Disruption of specific pectin modifications in dez (tbr), rwa2-3, mur1-2, and jar1 mutants interferes with the generation of the dark signal, resulting in constitutive photomorphogenesis. This phenotype can be rescued by addition of the vsOG tri-and tetra-galacturonate ((GalA) 3 and (GalA) 4 Localized light reception, followed by inter-organ and intercellular signaling, was invoked in the light-dependent control of seedling development based on a variety of previous experimental approaches, yet the molecular basis has remained unidentified [7, 34, 55, 56] . Thus, working models of the regulatory network controlling the switch from skotomorphogenic to photomorphogenic development have so far usually been depicted in a single cell. The results presented in this article strongly support the hypothesis that the cells receptive of the light stimulus are spatially or temporally (''spatiotemporally'') separated from cells executing the repression or de-repression of photomorphogenesis (Figure 7) .
Delineating a Pathway for Non-Cell-Autonomous Regulation of Light-Dependent Development
The cellulose synthase isoform PRC1 is required for enhanced hypocotyl elongation in the dark, but not for hypocotyl elongation in the light [42] . The prc1-1 mutant was not photomorphogenic and not phenotypically rescued by exogenously applied vsOG ( Figure 5 ). In addition, a prc1-1 dez double mutant was phenotypically dez-like, i.e., photomorphogenic (Table S3) . Together, these observations are consistent with PRC1 functioning in the growth process of hypocotyl elongation in the dark, with no signaling role. By contrast, dez exhibited multiple characteristics of photomorphogenic development (see Figure 1) , including shortened hypocotyls and cotyledon opening in the dark, both of which were rescued by addition of vsOG. This indicates that vsOGs act to repress photomorphogenic development and are not merely rescuing a growth defect of dez. Other mutants identified here to exhibit dez-like phenotypes were also phenotypically complemented by the addition of vsOG. We envisage RWA2 and MUR1 functions to be necessary for the generation or the mobility of the extracellular vsOG signal, similar to DEZ. Differently, epistasis analysis suggested that, in dark-grown jar1 mutants, both photomorphogenesis and its rescue by an additional mutation in the AOS gene occur upstream of DEZ, given that a dez aos double mutant was phenotypically dez-like (Figures 6 and S6) .
Epistasis analysis, HY5 and PIF3 protein levels in dark-grown dez, and the responses of mutants to vsOG are consistent with roles of PIF and COP1 genes in target cells responding to the extracellular dark signal, whereby only the function of DET1 appears to predominate in light-receptive cells (Figures 2, 5 , 7, and S5). Similar to the pifq mutant, the phenotypes of the dez, rwa2, mur1, and jar1 mutants can be suppressed by lincomycin (Figure 6 ), which inhibits plastid translation and was proposed to eliminate a positive retrograde signal required for cotyledon opening [53] . This suggests that this retrograde signal acts in target cells responsive to the vsOG signal downstream of TBR/DEZ (Figure 7) .
Interactions with the JA Pathway
We observed shortened hypocotyls and opened cotyledons in darkness in high-Zn-grown jar1 mutants ( Figure 5 ; Table S3 ). Somewhat contrastingly, jar1 mutants were known for excessively elongated hypocotyls under low-intensity continuous far-red light, and JAR1 was reported to interact with the COP1 protein [57, 58] . In agreement with both observations, the rice hebiba mutant displays morphological characteristics of photomorphogenesis in the dark, as well as decreased responsiveness to far-red light. The hebiba mutant is defective in allene oxide cyclase, which acts in the plastid subsequent to AOS to catalyze the final step in the synthesis of the intermediates cisand dn-OPDA in the JA biosynthesis pathway. Allene oxide, or one of its known degradation products, is a candidate molecule for triggering photomorphogenesis in dark-grown hebiba and jar1 mutants. This molecule, however, is unlikely to act as the retrograde signal in target cells responsive to the vsOG signal, given that the addition of vsOG rescued the jar1 mutant (see Figures 5 and 6 ).
Causality of Mutant Phenotypes
To ensure controlled and balanced supply of metal micronutrients, our laboratory uses media composed differently from those widespread in the plant community [26] . Thus, we observed photomorphogenesis in dark-grown mur1 and dez mutants. Photomorphogenesis was enhanced under elevated Zn supply in the dez mutant and evident in in rwa2-3 and jar1 mutants in high-Zn conditions only ( Figure 5 ; Table S3 ). The dose-dependent quantitative effect of Zn ( Figure S1 ) was accompanied by marked increases in cell-wall thickness and in the degree of pectin methylesterification (Figures 4 and S4) , suggesting that the dez mutation sensitized cell walls to Zn. The enhancement of photomorphogenesis in dez was metal specific to only Zn 2+ and Ni 2+ among a range of chemically similar divalent metal cations, reversed by an excess of chelator, and associated with Zn hypersensitivity in the light (Figures 1 and S1 ; Tables S1 and S2 ). The addition of vsOG separated the two phenotypes of dez, rescuing photomorphogenesis in the dark, but not Zn hypersensitivity in the light (Figures 5 and S5) . We conclude that Zn hypersensitivity in the light is a second unrelated phenotype of the dez mutant, supported also by its absence in rwa2-3 and in jar1-1 mutants and by dark development of other Zn-hypersensitive mutants ( Figures S1 and S5) . We conclude that Zn is likely to act indirectly in enhancing photomorphogenesis in dez, rwa2, and jar1 mutants, but we cannot fully exclude an alternative, more direct role of Zn 2+ cations in photomorphogenesis that will require dedicated attention in the future. The proteins directly mediating the generation and perception of the cell wall signal remain to be identified, and we expect genetic redundancy or severe defects in loss-of-function mutants.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Epibrassinolide (EBL) R 85% Sigma Cat#E1641
Brassinazole (BRZ) R 98% Sigma Cat#SML1406
Aminoethoxyvinyl glycine hydrochloride (AVG) R 98% Sigma Cat#32999
Methyl Jasmonate (MeJA) R 95% Sigma Cat#392707
Cyclopropanecarboxylic acid (Coronatine) R 95% Sigma Cat#C8115
Thidiazuron R 98% Sigma Cat#45686
Lincomycin R 95% Sigma Cat#62143
Diphenyleneiodonium chloride (DPI) R 98% Sigma Cat#D2926
Isoxaben R 98% Santa Cruz Biotechnology Cat#sc-235431
Methyl viologen dichloride hydrate (Paraquat) R 98% Sigma Cat#856177
Di-galacturonic acid (2-GalA) R 85% Sigma Cat#D4288
Tri-galacturonic acid (3-GalA) R 95% Sigma Cat#T7407 
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ute Kr€ amer (ute.kraemer@ruhr-uni-bochum.de).
EXPERIMENTAL MODEL AND SUBJECT DETAILS
The Arabidopsis thaliana (L.) accession Columbia (Col-0) and Landsberg erecta (Ler), as well as mutants were obtained from the Nottingham Arabidopsis Stock Centre (NASC; Key Resources Table) . For more information see http://www.arabidopsis.org/ portals/education/aboutarabidopsis.jsp.
METHOD DETAILS Plant Material and Growth Conditions
Arabidopsis thaliana Col-0 wild-type or mutant seeds were surface sterilized using chlorine gas for 3 to 4 hr and sown on modified Hoagland's medium [59] containing 1% (w/v) sucrose and solidified with 0.8% (w/v) Agar Type M (Sigma, Steinheim, Germany) in ambient daylight, followed by stratification in the dark at 4 C for 2 d. Seedlings were cultivated on vertically-orientated square (120 mm x 120 mm) polypropylene petri dishes in a 16 hr day (120 mmol m -2 s -1 , 22 C), 8 hr night (18 C) cycle in a growth chamber (Percival CU-41L4, CLF Climatics, Emersacker, Germany) for 7 d. For cultivation in darkness, seedlings were left in ambient daylight for 2 to 3 hr after sowing, then wrapped in 2 layers of aluminum foil and placed next to light-grown seedlings. Control media contained 1 or 5 mM Zn as indicated, and high-Zn media contained 100 mM Zn. Hypocotyl length, petiole angle and root length were quantified using ImageJ software (http://imagej.nih.gov/ij/), after scanning on a flatbed scanner. All supplements, including additional metals, chelators, hormones, hormone inhibitors or other chemicals, were added after sterile filtration (syringe and single-use filter MILLEX-GV 0.22 mm, Millipore, Bedford, MA, USA) in the concentrations indicated to autoclaved control media, generating an additional control containing the same volume of solvent if applicable. To generate double mutants, crosses were performed, and double mutants selected on the basis of phenotype, with the exception of tbl1-3, cry1, cry2 and wak1 that were genotyped by PCR or sequencing. For harvesting dark-grown seedlings, the double aluminum foil cover was removed from plates in dim green light and seedlings were flash frozen and homogenized with a mortar and pestle in liquid nitrogen.
The mutant lines used in this study are listed in the Key Resources Table. To generate the TBR genomic construct (TBRgenomic::GFP) for complementation of the dez mutant, a DNA fragment of 4,083 bp in size (beginning 1,615 bp upstream of the translational start codon and ending one codon before the translational stop codon) was obtained by PCR using wild-type genomic DNA as a template, cloned into the Gateway pENTR vector (Invitrogen, Carlsbad, USA), and subsequently transferred into pMDC107 [60] containing a 3 0 cDNA encoding EFGP using LR Clonase II (Invitrogen, Carlsbad, USA). This was transformed into the Agrobacterium tumefaciens strain GV3031, and A. thaliana (dez) were transformed using the floral dip method [61] . [63, 64] . To quantify pectin modifications, Alcohol Insoluble Residue (AIR) was prepared from seedlings snap-frozen in 2-mL polypropylene tubes in liquid N 2 , freeze-dried, and homogenized in a mortar using a pestle [65] . One mL of 70% (v/v) ethanol was added to each sample, vortexed and centrifuged at 20,000xg for 20 min. The supernatant was discarded, and the procedure repeated with 1 mL of a 1:1 mixture of methanol and chloroform. After discarding the supernatant, the AIR pellet was air-dried. To isolate pectin from AIR for measuring methylesterification, AIR was incubated at 95 C for 15 min in an extraction buffer containing 50 mM 1,2-Diaminocyclohexanetetraacetic acid (CDTA) and 50 mM TRIS (pH 7.2). Samples were then centrifuged at 10,000xg for 10 min, and the supernatant contained the pectin. To determine methylesterification of the extracted pectin, an enzymatic assay was performed as described [66] . Pectin methylesterase activity was determined using the same assay, using 20 mg total protein extracted from seedlings and 100 mg of pectin (apple pectin; Sigma, Steinheim, Germany), at pH 7.5. Use of CDTA interferes with the measurement of pectin acetylation. Thus pectin acetylation was quantified after digesting AIR with 2 mU mL -1 endo-polygalacturonases Bulk Segregant Analysis mapping using 25 Cleaved Amplified Polymorphic Sites (CAPS) and Single Sequence Length Polymorphism (SSLP) markers distributed across the genome isolate the dez mutation to an area close to CIW17 and ASA1 on chromosome 5. Fine scale mapping, using a combination of CAPS, SSLP and SNP genotyping using High Resolution Melt (HRM) analysis of 550 F2 individuals located the genetic lesion responsible for the dez phenotype between PERL0870687 and SNP13752, a region containing 21 genes. After extracting genomic DNA from dez plants genes in this region were PCR amplified and sequenced, and the polymorphism responsible for dez identified in the TBR gene.
Transcriptomics
Total RNA was extracted from $45 7-day-old dark-grown seedlings using an RNeasy Plant RNA Kit (QIAGEN, Hilden, Germany). Labeling and hybridization to ATH1 microarray chips (Affymetrix, High Wycombe, UK) was performed by the EMBL Genomics Core Facility (Heidelberg, Germany). Data analysis was performed using Genespring (Agilent Technologies). Data was normalized
